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Numerical analysis of junction-depth effect in the grating-type Si solar cell 
H. L. Hwang, D. C. Liu, J. E. Lin, and J. J. Loferski a) 
National Tsing Hua University, Hsinchu, Taiwan, Republic o/China 
(Received 29 August 1980; accepted for publication 30 October 1980) 
Numerical simulations are used to analyze the performance ofSi grating cells. The alternating 
direction implicit method is used to solve the two-dimensional diffusion equations. For a fixed 
grating geometry, the optimum junction depth is determined. The performance of the deep-
junction grating cells is contrasted with that of the more common shallow-junction cells. The 
results show that the performance of the cells is enhanced both by incorporating a back-surface 
field and minority-carrier mirrors into the grating structure. 
PACS numbers: 84.60.Jt, 73.40. -c 
I. INTRODUCTION 
The concept of "grating" -type cells was first developed 
by Loferski. 1.2 The front surface ofthese cells is covered by a 
grating of finely spaced grid lines (Fig. I). If the spacing be-
tween the grids is less than about one minority-carrier diffu-
sion length of the base materials, then most of the carriers 
generated between the grid lines can survive long enough to 
be collected. In particular, if the surface-recombination ve-
locity on the surface of the substrate between the grids is low, 
the spectral response to short wavelengths will be consider-
ably better than in conventional diffused structures. The two 
most important design considerations in a grating cell are 
the grid linewidth and spacing between the lines, and the 
recombination velocity at the surface between the grid 
lines. 1.2 
Hwang et al. 3•4 developed ion-implantation techniques 
to fabricate silicon grating-type solar cells. They examined 
series resistance problems and studied the effects of impurity 
profiles and thermal annealing. 
In ion-implanted grating cells, the photovoltaic effi-
ciencies were found to increase with the junction depth up to 
about 0.8 pm (the limit of boron implants of . our system). 
This is contrasted with the common shallow-junction cells. 
In this paper, we develop a numerical simulation 
scheme using the alternating direction implicit method5 to 
solve the two-dimensional diffusion equations. Collection ef-
ficiencies of grating cells with varied junction depths were 
calculated. Also, the effects of including a back-surface field 
(BSF) and minority-carrier mirrors (MCM) into the grating 
structure are considered. 
II. NUMERICAL METHOD 
Figure 2 shows the cell geometry, the two-dimensional 
diffusion equations, and the boundary conditions for solving 
these equations. The exposed top boundary condition is 
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where SF is the surface-recombination velocity. At the back 
contact,p' is set equal to zero to model an ideal Ohmic con-
tact and ap'lax is set equal to zero to model a minority-
carrier reflection contact.5 In the y direction, ap' I ax or 
an 'lay is set equal to zero along the boundary lines owing to 
the symmetry of the structure. Because the boundary condi-
tions of the skin and base regions constitute two independent 
systems, the equations for these systems can be solved sepa-
rately. In this work, the second-order ellipitical equations 
are solved approximately by the alternating direction implic-
it method. 6 The base region along the x axis is divided into M 
increments of size .:lx and the y axis is divided into N equal 
increments of size .:ly. The skin region along the y axis is 
divided into increments of size .:ly and the x axis is divided 
into M equal increments of size .:lx.Different M values were 
used for different junction depth. In all the calculations, the 
grid linewidth was set equal to 30 pm and the spacing be-
tween the grid lines was set equal to 90 f.-l m as in previous 
reported experiments. 3.4 In most cases, the minority-carrier 
diffusion lengths of the skin and base regions were set equal 
to 1 and 300 pm, respectively. The surface-recombination 
velocities for the skin and base regions were set equal to 105 
and 10' cmlsec, respectively. 
III. JUNCTION-DEPTH CONSIDERATIONS 
Figure 3 shows the calculated collection efficiencies of 
base and skin of a Si grating cell with the junction depth 
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FIG. 1. Cross section of a grating cell. 
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FIG. 2. Boundary conditions for solving the two-dimensional diffusion 
equations of a grating cell. 
varied from 0.3 to 811m. The base responses are shown to be 
dominant in contributing the photovoltaic effects. The 
short-wavelength skin responses are shown to increase with 
decreasing junction depth. This behavior can be explained as 
with conventional shallow-junction Si cell. 7 The short-wave-
length base response are shown to increase with junction 
depth. This is because the carriers generated by short-wave-
length photons are close to the surface. Therefore when the 
junction depth is increased a larger collection area is ob-
tained which results in a higher collection of the light-gener-
ated carriers. For the long-wavelength photons, the carriers 
generated are deep inside the sample. Therefore the deeper 
the junction, the higher the attainable collection for the same 
reason as stated above. However, a competitive factor which 
should be considered is the corresponding decrease in the 
photon penetration to the base through the skin region as the 
junction depth increases. These two competitive factors 
could cause the collection efficiency in the long-wavelength 
to increase to a peak and then decrease when junction depth 
is further increased. 
The spectral response can be used to compute the short-
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FIG. 3. Computed collection efficiencies of base and skin of grating ceIls 
with junction depth varied and BSF incorporated. 
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FIG, 4, Computed short-circuit current of a grating Si cell as a function of 
the junction depth at AMO. 
circuit current for given spectral input, When sunlight with a 
spectral distribution F(A. )8 is incident on the cell, the total 
photocurrent density is given by 
Figure 4 shows the calculated I,e as a function of junction 
depth. For the given grating geometry, Ise increases with 
junction depth and peaks at 52 mA/cm2 at a depth of about 8 
11m. The theoretical AMO limit for I,e is about 54 mA/cm2• 
IV. GRATING CELLS WITH BACK-SURFACE FIELD 
Mathematically, a back-surface field (BSF) is incorpo-
rated into the model by setting SF = 0 at the back surface. 5 
Figure 3 is a case with BSF incorporated in the grating struc-
ture, and Fig. 5 shows the calculated collection efficiencies of 
a base having the same grating structure as that of Fig. 3 but 
without a BSF. It is evident that the collection efficiency is 
enhanced ifBSF is incorporated. It is interesting to note that 
for cells with junction depths less than 1 11m the collection 
efficiencies for short wavelengths are affected only slightly 
by adding a BSF to the cell. The reason for this is that the 
short-wavelength photons are almost exclusively absorbed 
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FIG, 5, Computed collection efficiencies of base of grating cells with junc-
tion depth varied but without BSF incorporated. 
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FIG. 6. Computed collection efficiencies of skin of grating cells with junc-
tion depth and surface-recombination velocity varied. 
in the thin top layer, and the bulk of the cell is unaffected. 
Consequently, a cell with a BSF behaves like a conventional 
one. The effect of a BSF on the performance of deeper junc-
tion cells is more pronounced. This is due to the fact that the 
refletion of minority carriers at the back surface becomes 
more important when the junction depth is a larger. 
V. MINORITY-CARRIER MIRRORS AND ITS 
REDUCTION OF SURFACE-RECOMBINATION LOSSES 
We will first consider the zero-surf ace-recombination 
effects. Figure 6 shows the computed collection efficiencies 
of the skin for SF, = 0 and 105 cm/sec, with junction depths 
of 1 and 2 f-lm. 
The response at short wavelengths depends primarily 
on the front-surf ace-recombination velocity. Low recombi-
nation losses can greatly increase the responses. One ap-
proach, which has proved to be successful, is the incorpora-
tion of minority-carrier mirrors (MCM), i.e., potential 
barriers which drive minority carriers away from the surface 
toward the charge collection barrier. Figures 7 and 8 illus-
trate two such barriers applied to PIN grating Si cells. The 
regions near the surfaces of the skin are more heavily doped 
than the active region of the cell and MCM's are produced at 
the P + I P junctions. 
In Figs. 7 and 8, the "e;" as-shown are varied. The 
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FIG. 7. Computed collection efficiencies of skin of grating cells with minor-
ity-carrier mirror incorporated. (The designated junction depth is 5I1m.) 
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FIG. 8. Computed collection efficiencies of skin of grating cells with minor-
ity-carrier mirror incorporated. (The designated junction depth is 311m.) 
short-wavelength skin responses are shown to increase with 
decreasing P + depth. The increase is large enough that the 
skin responses can compete with the base responses. Also, a 
drastic increase of the skin response is shown when thejunc-
tion depth decreases. 
Figure 9 shows a modified scheme of the minority-car-
rier mirrors, in which the potential barriers are placed along 
both the x and y directions. Higher skin responses are again 
obtained. 
VI. CONCLUSIONS 
Numerical simulation of grating cell performance has 
led to following conclusions: (i) The short-wavelength base 
responses increase with the junction depth, but the long-
wavelength responses increase to a peak and then decrease as 
the junction depth is increased. (ii) Ise increases with the 
junction depth, and it approaches the theoretical AMO limit 
of 54 mA/cm2 at a depth of around 8f-lm for the given geom-
etry. (ii) The collection efficiencies are enhanced by incorpo-
rating a BSF into the grating structure. (iv) Decreasing re-
combination losses greatly enhances the collection 
efficiencies. The skin responses are increased by doping 
more heavily on the surface of the skin region. 
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FIG. 9. Computed collection efficiencies of skin of grating cells with modi-
fied scheme of minority-carrier mirror. (The designated junction depth is 5 
11m .) 
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